Growth and physiological responses of larch trees to climate changes deduced from tree-ring widths and δ13C at two forest sites in eastern Siberia  by Tei, Shunsuke et al.
Available online at www.sciencedirect.comScienceDirect
Polar Science 8 (2014) 183e195
http://ees.elsevier.com/polar/Growth and physiological responses of larch trees to climate
changes deduced from tree-ring widths and d13C at two forest sites
in eastern Siberia
Shunsuke Tei a,b, Atsuko Sugimoto a,c,*, Hitoshi Yonenobu d, Takeshi Ohta e,
Trofim C. Maximov f,g
aGraduate School of Environmental Science, Hokkaido University, Sapporo, Hokkaido 060-0810, Japan
bNational Institute of Polar Research, Tokyo 190-0014, Japan
cFaculty of Environmental Earth Science, Hokkaido University, Sapporo, Hokkaido 060-0810, Japan
dCollege of Education, Naruto University of Education, Naruto 772-8502, Japan
eGraduate School of Bioagricultural Sciences, Nagoya University, Nagoya 464-8601, Japan
f Institute for Biological Problem of Cryolithozone, Siberian Division of Russian Academy of Science, 41 Lenin Avenue, Yakutsk 678891, Russia
gNorth-Eastern Federal University, 58 Belinskogo st., Yakutsk 677000, Russia
Received 4 April 2013; revised 17 November 2013; accepted 9 December 2013
Available online 20 December 2013AbstractTree-ring chronologies of ring width and stable carbon isotope ratios (d13C) over the past 160 years were developed using living
larch trees at two forest sites, each with different annual precipitation, in eastern Siberia: Spasskaya Pad (SP) (62140N, 129370E);
and Elgeeii (EG) (6000N, 133490E). Intrinsic water-use efficiency (iWUE) was derived from tree-ring d13C. The physiological
responses of the larch trees to climate varied between these sites and over time. Ring widths correlated negatively with summer
temperatures at SP, where summer precipitation is lower than at EG, probably due to temperature-induced water stress. Since the
1990s, however, the negative effect of warming has been more severe at EG, where the productivity of larch trees is higher than at
SP. A greater reduction of larch tree growth and higher increase rate of iWUE at EG reflects greater temperature-induced water
stress, which is incident to the larger forest biomass. Our results suggest that effect of increase in atmospheric CO2 on larch tree
growth is not sufficient to compensate for temperature-induced water stress on larch growth in eastern Siberia and differences in
precipitation and forest productivity largely affect the larch tree response to changing climate in eastern Siberia.
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Boreal forests occupy 17% of the earth’s terrestrial
ecosystems and store over 30% of terrestrial carbon
(Kasischke, 2000), which greatly contributes to the
global carbon cycle. The boreal forests in eastern
Siberia, called taiga, consist of deciduous conifer larchreserved.
184 S. Tei et al. / Polar Science 8 (2014) 183e195and cover an area of 8.51  106 km2, representing
about 70% of the world’s boreal forests (Kasischke,
2000; Food and Agriculture Organization, 2001). The
study of boreal forest ecosystems is important, because
of its sensitivity and vulnerability to regional and
global climate changes (Bonan, 2008).
Dendroecological analysis is useful for studying the
response of a forest ecosystem to a changing envi-
ronment (Nikolaev et al., 2009; Sidorova et al., 2008,
2009). For the high-latitude northern forests, such
studies focused largely on growth responses of trees to
warm-season temperatures (e.g., D’Arrigo and Jacoby,
1993). On the other hand, a number of recent studies
has shown a reduced sensitivity of tree growth to rising
temperatures at least since 1960s (e.g., Wilson et al.,
2007; D’Arrigo et al., 2008).
According to the physiology of trees, it is rather
reasonable to consider that tree growth is controlled
both by soil moisture and air temperature. Barber et al.
(2000) suggested that temperature-induced drought
might limit tree growth under the limited availability of
soil moisture, using North American white spruces.
Several other studies have also reported a decreasing
trend in recent tree growth (e.g., Dulamsuren et al.,
2010) and an increase in drought-related forest mor-
tality in high-latitude regions (e.g., van Mantgem et al.,
2009). Those suggest that droughts are related to
warming temperatures. In eastern Siberia, dendroeco-
logical studies revealed a significant positive correla-
tion between growth of larch trees and soil moisture
content (Kagawa et al., 2003; Nikolaev et al., 2009). To
the contrary, Iwasaki et al. (2010) reported that high
soil moisture content caused browning and discolor-
ation of larch needles in the summer of 2007.
The expected change in regional precipitation is still
unclear, although the future climate projections by
IPCC (2007) show an increase in average global pre-
cipitation. It is also uncertain whether increased pre-
cipitation enhances tree growth under the warming
climate, especially in dry regions including eastern
Siberia. Significant reduction in tree growth was re-
ported for the regions where precipitations decrease
with warming, e.g., Alaska (Barber et al., 2000;
Wilmking et al., 2004), the Iberian Peninsula
(Andreu et al., 2007; Sarris et al., 2007; Andreu-Hayles
et al., 2011) and Mongolia (Dulamsuren et al., 2010).
However, tree growth has not yet been well studied in
dry regions like eastern Siberia.
Stable carbon isotope ratios (d13C) in tree-rings
have been used to show tree responses to changing
environments (e.g., Saurer et al., 2004; Sidorova et al.,
2008, 2009). Generally, tree-ring d13C reflectshumidity and the availability of soil water (McCarroll
and Loader, 2004). Intrinsic water-use efficiency
(iWUE) is an indicator of internal regulation of carbon
uptake and water loss in plants, and defined as the ratio
of photosynthesis (A) to stomatal conductance for
water vapor (g), which represents that transpiration is
solely controlled by stomatal conductance without any
atmospheric control. The iWUE can also be estimated
from d13C values.
A number of studies has suggested that iWUE from
tree-ring d13C is useful in investigating carbonewater
relationship in plants (e.g., Saurer et al., 2004; Klein
et al., 2005; Silva et al., 2009; Gagen et al., 2011;
Nock et al., 2011; Andreu-Hayles et al., 2011;
Linares and Camarero, 2012; Battipaglia et al., 2013).
In addition, it should be noted that these studies mostly
reported an increase in iWUE in the 20th century.
One of the major cause for the increase in iWUE
can be the elevation in atmospheric CO2 concentration
(Ca). Recently, the elevated Ca (e.g., Keeling et al.,
1995) has induced a change in carbonewater re-
lationships, resulted in the changes in physiological
responses of trees. Higher Ca can lead to higher carbon
assimilation rate (CO2 fertilization effect) and/or can
save water by reducing stomatal conductance (g) (Field
et al., 1995). The process of water saving is considered
to result in the increase in iWUE. This formulation was
supported by laboratory experiments (Ceulemans and
Mousseau, 1994; Ainsworth and Long, 2005). How-
ever, natural ecosystems are more complicated so that
iWUE can be affected by factors other than atmo-
spheric CO2 concentration (Saurer et al., 2004; Silva
et al., 2009; Andreu-Hayles et al., 2011; Linares and
Camarero, 2012; Battipaglia et al., 2013).
A tree-ring width and d13C study at Iberian pine
forests (Andreu-Hayles et al., 2011) showed that sto-
matal conductance (g) was reduced due to low water
availability, which also caused iWUE higher than ex-
pected solely from the increase in Ca. However,
Linares and Camarero (2012) reported that the recent
severe drought caused a decrease in iWUE improve-
ment rate at a decayed fir (Abies alba) forest in
northeast Spain, where the condition of the trees had
reached a physiological threshold of adaptive capacity
for drought. These studies suggest that changes in tree
physiology are triggered by climate changes, and may
vary depending on the species and/or environment.
Additionally, McDowell et al. (2002, 2006) pointed out
that responses of trees to the climate variation differ
according to forest types and/or biomass productivity.
To sum up, changes in iWUE are probably related to
water budget in a forest. Therefore, although the recent
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increase in Ca, future changes in iWUE are also likely
to depend on other environmental factors (e.g., water
availability) and may differ between tree species, forest
productivity and structure, which are still poorly
understood.
In this study, we measured ring widths and d13C of
larch tree rings over the past 160 years at two larch-
dominated forests in the middle and southern Lena
River Basin, eastern Siberia. In this region, water
availability for plants is low due to the low precipita-
tion levels under the continental climate, which affects
changes in the stomatal conductance of larch trees
(Kagawa et al., 2003; Tei et al., 2013a,b). Therefore, it
is expected that water availability affects the growth
and iWUE of larch trees. We selected two regions,
which are characterized by different summer pre-
cipitations and forest productivities, and conducted
retrospective analyses of tree growth and iWUE to
determine how these forests have responded to past
climate in terms of the carbon and water relations,
using tree-ring parameters, including carbon isotope
ratios. This approach allowed us to assess the effect of
variations in precipitation and forest productivity on
the response of larch trees to changing climate in
eastern Siberia.
2. Material and methods
2.1. Study areas
The forest in eastern Siberia accounts for approxi-
mately 45% of the total area of the Siberian forests
(Maximov et al., 2008), and is characterized by low
annual precipitation (200e300 mm) and continuous
permafrost. Sugimoto et al. (2002) reported that, in
drought summers, plants in this region tend to use ice
meltwater in the soil rather than precipitated water, and
their physiological conditions are therefore closely
related to the soil moisture.
We chose two larch-dominated forests at the middle
and southern parts of the Lena River Basin in eastern
Siberia: Spasskaya Pad (SP) Scientific Forest station
(62140N, 129370E), near Yakutsk; and Elgeeii (EG)
station (6000N, 133490E), 300 km southeast of
Yakutsk (Fig. 1). The average summer
(JuneeJulyeAugust) precipitation from 1950 to 2008
was 141.1 mm at Ust-Maya, the nearest station to EG
(60 km northeast from EG), and 112.1 mm at Yakutsk,
the nearest station to SP, and the differences in the
other meteorological values, such as air temperature
and solar radiation, were negligibly small (BaselineMeteorological Data in Siberia (BMDS) Version 5.0,
Yabuki et al., 2011). These areas are dominated by
larch (Larix cajanderi) with birch (Betula platiphylla)
at SP and birch and willow (Salix spp.) at EG. Ac-
cording to Kotani et al. (2012), the stand density of
larch trees (with height > 1 m) is 1040 trees ha1 at
EG and 700 trees ha1 at SP, and the mean stand height
of the upper canopy (larch trees) is approximately
25 m at EG and 20 m at SP. The plant area index in
summer was 2.1 at EG and 1.4 at SP, respectively. Both
sites have similar understory vegetation composed
mainly of evergreen cowberry (Vaccinium vitis-idaea)
mixed with several herbs.
2.2. Tree-ring samplings
2.2.1. Spasskaya Pad
A total of 58 paired cores was taken from larch trees
at 1.3 m above the ground in July 2011 at a semi-open
canopy forest. The sample trees ranged from 64 to 267
years in age, 15 to 25 m in height and 18 to 32 cm in
diameter at breast height.
2.2.2. Elgeeii
A total of 64 paired cores was taken from larch trees
at 1.3 m above the ground in July 2011. The sample
trees ranged from 59 to 239 years in age, 18 to 25 m in
height and 20 to 37 cm in diameter at breast height.
2.3. Tree-ring width data
Standard techniques of dendrochronology were
employed during sample processing and chronology
development (e.g., Baillie and Pircher, 1973; Cook and
Kairiukstis, 1990). These included measurement of
total ring width for two radii per sample at a precision
of 0.01 mm, followed by visual crossdating using the
PAST4 software (SCIEM, Inc., Vienna, Austria). The
quality of crossdating was later checked using the
COFECHA software (Holmes, 1983). Finally, raw
ring-width chronologies (i.e., mean curves) of 228
years at SP and 188 years at EG were successfully
crossdated with a reference chronology derived from
raw measurements in the International Tree-Ring Data
Bank (russ112 for SP and russ105 for EG) (http://www.
ncdc.noaa.gov/paleo/treering.html, 31/August/2013).
For SP, a total of 58 larch trees was used to build
standard chronologies for ring width and d13C. Of the
58, 15 trees were newly added to improve the quality
of the ring-width chronology in Tei et al. (2013a). The
d13C chronology (Tei et al., 2013b, 1907e2008) was
extended, finally ranging from 1850 to 2008. For EG,
Fig. 1. Location of the study sites [Spasskaya Pad (SP) near Yakutsk (62150N, 129140E) and Elgeeii (EG) near Ust-Maya (60000N, 133490E)].
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1850 to 2011 using a total of 64 larch trees.
2.4. Stable carbon isotope analysis
We used four larch samples for carbon isotope
analysis at SP and EG. These were selected from the
sample trees whose ring widths were well dated with
the site reference chronology (Tei et al., 2013a). The
annual rings were cut off using a surgical knife. These
were then milled and mixed for two radii to obtain a
sufficient amount of wood for isotope analysis. Each
sample was immersed in 2 ml of acetone and placed in
an ultrasonic bath for more than 20 min to remove
resins. The samples were then stored in acetone for
over 24 h, washed three times in distilled water, and
dried at 60 C. The final sample obtained was
0.5e5.4 mg, as well as a 0.4e0.6 mg aliquot, which
was wrapped in a tin capsule.
Carbon isotope ratios were analyzed using a ConFlo
system (FLASH EA1112) coupled to Delta V (Thermo
Finnigan, Bremen, Germany). The isotope ratios were
expressed by the delta notation
d13Csample ¼

Rsample=Rstandard  1
 1000ð&Þ; ð1Þ
where Rsample is the isotope ratio (
13C/12C) of the sample
and Rstandard is the isotope ratio of Vienna PeeDee
Belemnite (VPDB). Repeated analyses of reference
yielded a standard deviation less than 0.08&.Bulk wood samples were used in this study, since
our previous study (Tei et al., 2013a) showed a satis-
factorily highly correlated d13C between bulk wood
and extracted wood cellulose at SP (r ¼ 0.96,
p < 0.001). We conducted a comparative experiment
using the samples from EG to confirm the good cor-
relations (r ¼ 0.89, p < 0.001).
2.5. Theory and corrections of d13C
According to the model of plant carbon isotope
discrimination by Farquhar et al. (1982), plant d13C
depends on the carbon isotope ratio and concentration
of atmospheric CO2 (d
13Ca and Ca, respectively), sto-
matal conductance (g) and photosynthetic rate (A).
When d13Ca and Ca are constant, positive deviation of
plant d13C is either caused by enhanced A or reduced
g, which can be affected by environmental factors such
as light intensity, relative humidity, temperature, and
soil moisture. It is expected that dry conditions may
cause a decrease in g, resulting in an increase in plant
d13C.
In this study, raw tree-ring d13C series from 1850 to
2008 were corrected for changes in d13Ca (e.g.,
McCarroll and Loader, 2004) and also changes in plant
physiological response to the increased Ca, using non-
linear de-trending of the d13C series after 1850, which
is referred to as “pin correction” (McCarroll et al.,
2009).
(a)
(b)
Fig. 2. June-July-August mean air temperature (a) and precipitation
(b) at the Spasskaya Pad (red solid line) and Elgeeii (blue dotted line)
stations, derived from the Climatic Research Unit 0.5  0.5 grid-
ded data (TS 3.10).
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Tree-ring d13C was used to calculate carbon isotope
discrimination (D13C), which is defined as the differ-
ence in isotopic values between atmospheric CO2
(d13Ca) and plant organic matter (d
13Cp) in &
D13C¼ d13Ca d13Cp=

1þ d13Cp=1000

: ð2Þ
For C3 plants, carbon isotope discrimination is
expressed by the following equation (Farquhar et al.,
1982, 1989):
D13Czd13Ca d13Cp ¼ aþ ðb aÞCi=Ca; ð3Þ
where a and b are the discriminations during diffusion
(4.4&) (Craig, 1954) and CO2 fixation by RuBisCO
(27&) (Farquhar and Richards, 1984). The values of Ci
and Ca are the leaf intercellular and ambient atmo-
spheric CO2, respectively.
Intrinsic water-use efficiency (iWUE), the ratio of
net photosynthesis (A) to conductance for water vapor
(g), is given by the following equation (Ehleringer and
Cerling, 1995):
iWUE¼ A=g¼ ðCaCiÞ=1:6; ð4Þ
where the denominator of 1.6 is the ratio of gaseous
diffusivities of CO2 and water vapor in the air. Tree-ring
d13C based iWUE reflects an integrative condition
during carbon assimilation (Picon et al., 1997).
2.7. Chronology building
Standard ring-width chronologies were generated
by averaging ring-width indices obtained by detrend-
ing (128-year spline fits) the raw series using the
ARSTAN software (Cook, 1985). Ensemble means of
the corrected tree-ring d13C series were used for
standard d13C chronologies, since age-related trends
were not observed for individual series.
To assess the reliability of the chronologies, we
computed 51-year windowed correlations between
trees (RBAR) and the expressed population signal
(EPS) (Wigley et al., 1984). The EPS for the above-
mentioned chronologies were greater than 0.86 for
the analyzed span (1850e2011), i.e., above the 0.85
critical level suggested by Wigley et al. (1984).
2.8. Climate data
We used the gridded temperature and precipitation
data sets (1901e2009, 0.5 longitude by 0.5 latitude
degree) (CRU TS 3.10.) (Mitchell and Jones, 2005).The monthly records were extracted, covering the
sampling locations for SP (62.25N, 129.25E) and EG
(60.25N, 133.25E).
2.9. Correlation and response function analysis
Correlation function (CF) and response function
(RF) analyses were performed using the Den-
droClim2002 software (Biondi and Waikul, 2004) to
identify the relationships between the monthly records
of temperature or precipitation and the tree-ring pa-
rameters, i.e., ring widths and d13C. CF is a set of
Pearson’s correlation coefficients; whereas, RF repre-
sents a result of principal component analysis in which
climate variables are decorrelated (Cook and
Kairiukstis, 1990).
3. Results
3.1. Chronologies
3.1.1. Climate
Fig. 2 shows JuneeJulyeAugust (JJA) mean tem-
perature and precipitation from 1901 to 2009 at the
grids corresponding to SP and EG sites. Decadal
changes in the JJA mean temperature and precipitation
are summarized in Table 1. At the 99% confidence
Table 1
JuneeJulyeAugust (JJA) mean air temperature and precipitation at
Spasskaya Pad and Elgeeii.
Period Site
Spasskaya Pad Elgeeii
JJA Temperature (C) 1901e2009 15.5 (0.98) 15.1 (0.98)
1911e1930 15.3 (0.80) 14.8 (0.81)
1931e1960 15.6 (0.80) 15.3 (0.85)
1961e1990 15.2 (0.84) 14.8 (0.77)
1991e2009 16.1 (1.08) 15.8 (0.92)
JJA Precipitation (mm) 1901e2009 133.2 (48.4) 150.1 (45.7)
1911e1930 125.2 (40.0) 144.2 (44.3)
1931e1960 143.3 (54.4) 148.6 (39.4)
1961e1990 137.1 (40.9) 165.1 (44.7)
1991e2009 128.8 (44.5) 154.5 (49.8)
Values in parentheses are standard deviation of the means for each
period. Bold letters indicate climate variables for whole period
(1901e2009). These data are derived from CRU TS 3.1.
188 S. Tei et al. / Polar Science 8 (2014) 183e195level, the temperatures are higher and the pre-
cipitations are lower for SP than EG.
The JJA temperatures are relatively high from 1931
to 1960 and from 1991 to 2009 and low from 1911 to
1930 and from 1961 to 1990 (Table 1). The former
warm period (1931e1960) may correspond to the well-
known warming period over the pan-Arctic region in
1930s and 1940s (e.g., Bengtsson et al., 2004); the
latter (1991e2009) is attributable to the recent global
warming. However, no significant trend in JJA pre-
cipitation was observed at SP, but a significant
(p < 0.10) increasing trend was observed at EG across
the entire period.0 50 100 150 200 250
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Fig. 3. Average radial growth of larch trees derived from raw ring-
width series (55 trees for Spasskaya Pad and 58 trees for Elgeeii)
plotted against cambial age for the Spasskaya Pad (red solid line) and
Elgeeii (blue dotted line) stations. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web
version of this article.)3.1.2. Tree-ring width and d13C
Fig. 3 shows the average radial growths plotted
against cambial age, clearly showing that the larch
trees at EG are larger than those at SP. The summer
plant area index is also higher at EG (2.1) than at SP
(1.4) (Kotani et al., 2012).
Fig. 4 shows the standard d13C and ring-width
chronologies for SP and EG. Tree-ring d13C at SP
ranged from 24.2 to 21.7& with standard de-
viations from 0.0 to 0.8&, while at EG, d13C ranged
from 24.7 to 21.2& with standard deviations from
0.0 to 0.8&. The average value of d13C for the whole
period was 23.2&, for both SP and EG sites. Tree-
ring d13C significantly correlated with ring widths for
SP (r ¼ 0.39) and EG (r ¼ 0.50) at the 99% con-
fidence level.
3.2. Climate/tree-ring relationships
3.2.1. Spasskaya Pad
Fig. 5 illustrates the results of correlation function
(CF) and response function (RF) analyses for SP. In
general, both ring widths and d13C show pronounced
response to climate conditions in summer.
Positive correlations are observed for d13C with
June and July temperatures, and negative correlations
are observed with summer precipitation in the current-26
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Fig. 4. Tree-ring d13C (solid line) and ring-width (dotted line)
chronologies (1850e2011) for (a) Spasskaya Pad and (b) Elgeeii.
Error bars denote one standard deviation ranges.
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Fig. 6. Correlation (bars) and response (lines) functions between
tree-ring parameters (ring widths and d13C) and climate data for
Elgeeii. Asterisks and circles indicate statistical significance at the
95% confidence level.
189S. Tei et al. / Polar Science 8 (2014) 183e195year. In addition, the d13C was negatively correlated
with spring (May) temperature and positively corre-
lated with February temperature and January
precipitation.
The RFs (Fig. 5a and b) showed similar patterns to
the CFs, i.e., the radial growth of larch trees signifi-
cantly responded to previous July temperature and
precipitation in the previous August. However, tree-
ring d13C showed a response to temperature and pre-
cipitation in current year.
3.2.2. Elgeeii
Correlation and response functions for EG (Fig. 6)
generally show similar patterns to those of SP. How-
ever, the statistical significance differed between the
two sites. The RFs between ring width and temperature
were statistically significant at SP, but not significant at
EG. This may be attributed to the greater summer
precipitation at EG than SP (cf. Table 1), as discussed
in Section 4.1.
Compared with SP, tree-ring parameters showed
significant correlations with temperature and precipi-
tation in a greater number of months, and the effects of
conditions from the previous year on d13C values were
clearer at EG.-0.6
-0.4
-0.2
0
0.2
0.4
0.6
MA
Y 
JU
L 
SE
P 
NO
V 
JA
N
MA
R
MA
Y
JU
L
SE
P
JU
N 
AU
G 
OC
T 
DE
C 
FE
B
AP
R
JU
N
AU
G
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
Co
rre
la
tio
n 
an
d
R
es
po
ns
e 
fu
nc
tio
ns
Month Month
Previous year Current year Previous year Current year
*
*
*
*
*
*
* *
* *
*
*
(a) Ring width vs Temp (b) Ring width vs Precipitation
(c) δ13C vs Temp (d) δ13C vs Precipitaion
Fig. 5. Correlation (bars) and response (lines) functions between
tree-ring parameters (ring widths and d13C) and climate data for
Spasskaya Pad. Asterisks and circles indicate statistical significance
at the 95% confidence level.3.3. Inter-decadal variations in tree-ring
chronologies
3.3.1. Tree-ring width
To investigate inter-decadal variation in radial
growth, tree samples with a wide age range were
classified into four age classes: #1 (170e190 years;
n ¼ 9 for SP, n ¼ 8 for EG); #2 (140e170 years;
n ¼ 18 for SP, n ¼ 17 for EG); #3 (110e140 years;
n ¼ 16 for SP, n ¼ 17 for EG); and #4 (90e110 years;
n ¼ 10 for SP, n ¼ 14 for EG). Average ring width for
trees aged 90e110 years was calculated, using raw
values of annual ring width, and then compared among
age classes (Fig. 7). This provided the inter-decadal
change in tree growth, i.e., mean annual radial
growth of trees with an age of 90e110 years, in each
historical period: 1911e1930 (#1), 1931e1960 (#2),
1961e1990 (#3), and 1991e2011 (#4) (Fig. 7). The
reduction of tree growth from 1961e1990 (#3) to
1991e2011 (#4) was significant at the 95% confidence
level at both SP (27%) and EG (34%) sites (Fig. 7c
and d).
At SP, tree growth was also low in the period
1931e1960 (#2), when JJA temperature was high
(Table 1), which corresponds to the warming event
generally observed in the Arctic (e.g., Bengtsson et al.,
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Fig. 7. Left panels (aeb): Mean ring widths for four age classes (green line: 170e190 years old, black line: 140e170 years old, red line: 110e140
years old, blue line: 90e110 years old) for (a) Spasskaya Pad and (b) Elgeeii. Horizontal lines (#1e4) show mean ring widths at the time of tree
age range 90e110 years for each age class. Right panels (ced): box plots of these mean ring widths against tree growth periods for (c) Spasskaya
Pad and (d) Elgeeii. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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from 1931 to 1960 (#2), however, was not significant at
EG, but was greater at EG compared to SP from 1991
to 2011 (#4).
3.3.2. Intrinsic water-use efficiency
Intrinsic water-use efficiency (iWUE) chronologies,
calculated from tree-ring d13C series at SP and EG,
showed a significant increasing trend (linear regres-
sion: r2 ¼ 0.55, p < 0.001) for both sites during the
period from 1850 to 2008 (Fig. 8). Changes in iWUEYear (AD)
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Fig. 8. Year-to-year variations in intrinsic water-use efficiency
(iWUE) for Spasskaya Pad (red solid line) and Elgeeii (blue dotted
line). Error bars denote standard deviation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the
web version of this article.)for the past 160 years at these sites are also summa-
rized in Table 2. The mean values of iWUE calculated
for the whole period of 1850e2008 for SP (83.2  7.5)
and for EG (84.8  9.1) showed no significant differ-
ence. Similarly, those for the period of 1851e1970
showed no significant difference between the two sites.
However, a significant difference of iWUE was
observed for the period 1971e2008 between SP
(90.8  6.6) and EG (95.5  8.1), indicating that the
recent improvement of iWUE is greater at EG than SP.
4. Discussion
4.1. Growth response to climate variables
Correlation function (CF) and response function
(RF) analyses showed significant positive correlations
between larch tree growth and previous and/or current
summer precipitation and negative correlations be-
tween tree-ring d13C and summer precipitation at both
SP and EG sites (Figs. 5 and 6), in agreement with
previous studies for the same area in eastern Siberia
(Kagawa et al., 2003; Kirdyanov et al., 2008; Nikolaev
et al., 2009; Tei et al., 2013b). These results indicate
the importance of soil moisture conditions for the
photosynthetic activity of larch trees. This idea is
supported by the observed negative correlation be-
tween tree-ring d13C and ring width for SP (r ¼ 0.39,
Table 2
Summary of intrinsic water-use efficiency (iWUE) from tree-ring d13C at Spasskaya Pad and Elgeeii, and that from model calculation.
iWUE calculated from tree-ring d13C Modeled iWUEa
Spasskaya Pad Elgeeii
Period iWUE Rateb R2c iWUE Rateb R2c iWUE Rateb
1851e2008 83.2 (7.5) 0.12 0.55 84.8 (9.1) 0.15 0.55 83.3 (6.9) 0.14
1851e1970 80.4 (5.6) 0.10 0.39 81.3 (6.5) 0.10 0.30 81.4 (0.9) 0.08
1971e2008 90.8 (6.6) 0.32 0.27 95.5 (8.0) 0.44 0.37 93.9 (4.9) 0.42
Values in parentheses are standard deviation of the means for each period. Bold letters indicate those variables for whole period (1851e2008).
a Modeled iWUEwas calculated assuming constant Ci/Ca and the average Ci value for the first 20 years (1851e1870) for all trees is used for initial
Ci value.
b The slope of the linear regressions are shown for rate.
c R2 is the coefficient of determination and all R2 values in the table are significant at 99% confident level.
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relationship is generally expected when tree growth is
limited by moisture conditions (e.g., Ponton et al.,
2001; Kagawa et al., 2003). Tei et al. (2013b) re-
ported a quite high correlation between tree-ring var-
iables (width and d13C) and in situ soil moisture in SP,
with a maximum correlation coefficient of 0.90
(p < 0.001, n ¼ 10).
However, the response of larch tree growth to
summer temperature was basically negative (Figs. 5
and 6). Generally, it has been reported that, in high-
latitude northern forests, tree growth responds posi-
tively to warm-season temperature, with greater growth
and better survival of trees during warm periods (e.g.,
D’Arrigo and Jacoby, 1993). However, a number of
recent studies has demonstrated that, at least since the
1960s, tree growth has had a reduced sensitively to
rising temperatures (e.g., Wilson et al., 2007; D’Arrigo
et al., 2008) and a negative response of tree growth to
summer temperature has even been reported in several
dry regions. This may be explained as a temperature-
induced drought stress: higher summer temperature
can cause higher evapotranspiration from surfaces,
resulting in dryer conditions (Barber et al., 2000;
Wilmking et al., 2004; Andreu et al., 2007).
Radial growth (average ring width) of trees aged
90e110 years varied through time and, at SP, it
decreased in the warm periods (1931e1960 and
1991e2011), suggesting a negative influence of sum-
mer temperature for tree growth (Fig. 7c). Therefore,
both inter-annual variations (Fig. 5) and inter-decadal
trends in growth are negatively influenced by summer
temperature at SP. A similar decrease in growth rate
with high temperature was also seen at EG, but only in
the latest period (1991e2011) (Fig. 7d). These results
agree with the CF and RF analyses: the values of RF
between ring width and temperature were statistically
significant at SP, but not significant at EG (Figs. 5 and6). It should be noted that the mean annual growth of
larch from 1991 to 2011 was significantly lower than
those for other periods at EG (Fig. 7d), although JJA
precipitation from 1991 to 2009 was larger than those
from 1901 to 1930 and from 1931 to 1960 (Table 1).
This means that the negative effect of warming on
larch tree growth overcame the positive effect of pre-
cipitation at the EG site.
It can be concluded that high growing season tem-
perature has affected tree growth due to the high
temperature-induced water stress at SP, where the
climate is dryer (Table 1) but, since the 1990s, the
negative effect of high temperature has become more
significant at the EG site, where climate is relatively
milder (wetter) and the forest is more productive. A
possible interpretation is that larger the forest biomass
has a greater demand for water, resulting in severe
competition for water, as reported by McDowell et al.
(2002).
4.2. Recent improvements in intrinsic water-use effi-
ciency (iWUE)
Larch trees at SP and EG showed a significant
increasing trend in iWUE since 1850 (Fig. 8), which
agrees with previous studies in northern Eurasia
(Saurer et al., 2004), the Iberia Peninsula (Andreu-
Hayles et al., 2011), and several other regions in the
world (Bert et al., 1997; Klein et al., 2005; Silva et al.,
2009; Ko¨hler et al., 2010; Gagen et al., 2011; Nock
et al., 2011).
The increased rates observed at our two sites are
some of the highest values to have ever been observed.
Bert et al. (1997) analyzed tree-ring d13C from silver
fir trees in France and found that iWUE increased by
30% in the 20th century. Similar analyses have been
conducted for larch, fir, and spruce trees in northern
Eurasia (Saurer et al., 2004) and have found that iWUE
192 S. Tei et al. / Polar Science 8 (2014) 183e195increased by 19.2  0.9% over the last 150 years.
Ko¨hler et al. (2010) analyzed herbage specimen data
from England and found that iWUE has increased by
18e33% since 1857. To estimate the increase in iWUE
at our sites, we calculated average iWUEs for 10 years
of the beginning (1850e1859) and the last
(1999e2008) of the data of 160 years, showing that
iWUE at SP increased from 72.7 in 1850e1859 to 92.3
in 1999e2008 (þ30.2%) and that at EG increased
from 72.4 in 1850e1859 to 103.5 in 1999e2008
(þ37.3%).
Previous studies showed that the main cause of the
iWUE improvement is an increase in atmospheric CO2
concentration (Ca) (e.g., Saurer et al., 2004; Andreu-
Hayles et al., 2011; Linares and Camarero, 2012;
Battipaglia et al., 2013). To estimate the effect of Ca
rise on iWUE improvement at our sites, we also
calculated iWUE from Eq. (4) (modeled iWUE)
assuming a constant Ci/Ca, namely an increase in leaf
intercellular CO2 (Ci), depending on Ca as proposed by
Saurer et al. (2004) (Table 2). In this calculation, the
initial value of Ci was assumed to be an average of all
trees for the first 20 years (from 1851 to 1870). Long-
term trends of iWUE from tree-ring d13C at SP and EG
were similar to those of modeled iWUE (Table 2); they
showed slightly increasing trends from 1850 to 1970
(slope of the linear regression; 0.10 for SP and EG, and
0.08 for modeled iWUE) and then rapidly increasing
trends beginning in the 1970s (slope of the linear
regression; 0.32 for SP, 0.41 for EG, and 0.42 for
modeled iWUE) (Table 2), indicating that observed
increase in iWUE from tree-ring d13C at our sites also
mainly caused by increase in Ca.
Although iWUE from tree-ring d13C at SP and EG
showed similar increasing trends for the past 160 years,
and this trend was mainly caused by the Ca rise as
described above, we detected significant difference in
the increasing rate of iWUE between these two sites
from 1971 to 2008 (Table 2), with rapid warming
(Table 1). Interestingly, at EG, where the climate is
relatively wetter, the recent (1971e2008) increased
rate of iWUE is greater than that at SP (Table 2), which
probably reflects the difference of larch tree response
to warming rather than the change in Ca due to dif-
ference in forest productivity.
It has been indicated that tree response to climate
varies among forests with different productivities and
structures (McDowell et al., 2002, 2006). Silva et al.
(2009) compared tree-ring parameters of Araucaria
angustifolia (Bertol.) Kuntze growing in a forest and a
grassland in southern Brazil and found that the water
stress of trees in the forest was higher than in trees inthe grassland. They concluded that higher water
availability is required to maintain higher productivity
and, therefore, pronounced iWUE occurs in productive
forest. It should be noted that iWUE is essentially in-
dependent from the growth rate of trees. However,
forests with higher water demands, which may be
corresponded to higher LAI and/or higher productivity,
have a higher possibility of water stress (McDowell
et al., 2006). Water shortages result in lower growth
rates and higher iWUE. Similar results are expected for
our sites: higher growth rate (Fig. 3) and summer plant
area index reported by Kotani et al. (2012) at EG (2.1)
than SP (1.4) may contribute to the greater increase in
iWUE at EG after the 1970s, when high temperature-
induced water stress led to decrease in tree growth at
EG, as discussed in Section 4.1.
Carbon uptake by larch trees in eastern Siberian
forests significantly decreased over the past two de-
cades, presumably due to warming (Fig. 7c and d), as
described in previous Section 4.1. Significant re-
ductions in tree growth occurred alongside rapid in-
creases in iWUE at both sites (Fig. 8), but these
phenomena were more remarkable at EG, where forest
is more productive than SP.
Therefore, we conclude that the effect of increased
Ca on tree growth is not sufficient to compensate for
the negative influence of temperature-induced water
stress on tree growth, and the reduction of tree growth
was more serious in highly productive forest.
5. Conclusion
We developed tree-ring chronologies of ring width
and stable carbon isotope ratio (d13C) over the past 160
years using larch trees at two forest sites with different
amounts of precipitation in eastern Siberia, Spasskaya
Pad (SP) (62140N, 129370E) and Elgeeii (EG)
(6000N, 133490E). Our tree-ring data show that the
physiological responses of the larch trees to climate
varied between sites and have been changing over time.
Significant reductions in larch tree growth were
observed at both SP and EG, over at least the past two
decades, presumably due to warming. The significant re-
ductions in tree growth occurred alongside rapid increases
in iWUE and these phenomena were more remarkable at
EG, where the forest is more productive than at SP, indi-
cating that temperature-inducedwater stress for larch trees
has been more severe at EG since the 1990s.
A positive influence of increased atmospheric CO2
concentration (Ca) on the radial growth of trees is not
sufficient to compensate for the negative influence of
temperature-induced water stress on the radial growth
193S. Tei et al. / Polar Science 8 (2014) 183e195in eastern Siberia, and the reduction of tree growth was
more serious in productive forest. Our results suggest
that differences in precipitation and forest productivity
largely affect larch tree response to changing climate in
eastern Siberia.
Future climate projections by IPCC (2007) show an
increase in average global precipitation, which gener-
ally implies an increase in tree growth and, conse-
quently, more carbon uptake by trees. However, our
results imply a reduction of larch tree growth and, as a
result, deterioration of the ecosystem function of the
Taiga in eastern Siberia for CO2 sequestration, even
with an increase in precipitation.
Acknowledgment
This study was partly supported by KAKENHI
(grant nos. 50235892, 23240116, and 21101002),
IFES-GCOE, Hokkaido University, Research Project
#C-07 of the Research Institute for Humanity and
Nature (RIHN) and JSPS Research Fellowships for
Yong Scientists. We thank A. Maximov, A. Kononov,
and the other members of IBPC for supporting our
fieldwork at the Spasskaya Pad and Elgeeii stations.
We also thank Y. Hoshino, K. Saito, and H. Kudo for
their supports at our laboratory.Appendix A. Supplementary data
Supplementary data related to this article can be
found at doi:10.1016/j.polar.2013.12.002.
References
Andreu, L., Gutierrez, E., Macias, M., Ribas, M., Bosch, O.,
Camarero, J.J., 2007. Climate increases regional tree-growth
variability in Iberian pine forests. Global Change Biol. 13,
804e815. http://dx.doi.org/10.1111/j.1365-2486.2007.01322.x.
Andreu-Hayles, L., Planells, O., Gutierrez, E., Muntan, E., Helle, G.,
Anchukaitis, K.J., Schleser, G.H., 2011. Long tree-ring chronol-
ogies reveal 20th century increases in water-use efficiency but no
enhancement of tree growth at five Iberian pine forests. Global
Change Biol. 17, 2095e2112. http://dx.doi.org/10.1111/j.1365-
2486.2010.02373.x.
Ainsworth, E.A., Long, S.P., 2005. What have we learned from 15
years of Free-Air CO2 Enrichment (FACE)? A meta-analytic
review of the responses of photosynthesis, canopy properties
and plant production to rising CO2. New Phytol. 165, 351e371.
http://dx.doi.org/10.1111/j.1469-8137.2004.01224.x.
Baillie, M.G.L., Pircher, J.R., 1973. A simple cross-dating program
for tree-ring research. Tree-Ring Bull. 33, 7e14.
Barber, V.A., Juday, G.P., Finney, B.P., 2000. Reduced growth of
Alaskan white spruce in the twentieth century from temperature-
induced drought stress. Nature 405, 668e673. http://dx.doi.org/
10.1038/35015049.Battipaglia, G., Saurer, M., Cherubini, P., Calfapietra, C.,
McCarthy, H.R., Norby, R.J., Cotrufo, M.F., 2013. Elevated CO2
increase tree-level intrinsic water use efficiency: insights from
carbon and oxygen isotope analyses in tree rings across three
forest FACE site. New Phytol. 197, 544e554. http://dx.doi.org/
10.1111/nph.12044.
Bengtsson, L., Semenov, V., Johannessen, O.M., 2004. The early
20th century warming in the Arcticda possible mechanism. J.
Clim. 17, 4045e4057. http://dx.doi.org/10.1175/1520-
0442(2004)017<4045:TETWIT>2.0.CO;2.
Bert, D., Leavitt, S.W., Dupouey, J.L., 1997. Variations of wood d13C
and water-use efficiency of Abies alba during the last century.
Ecology 78, 1588e1596. http://dx.doi.org/10.1890/0012-
9658(1997)078[1588:VOWCAW]2.0.CO;2.
Biondi, F., Waikul, K., 2004. DENDROCLIM2002: a Cþþ program
for statistical calibration of climate signals in tree-ring chronol-
ogies. Comput. Geosci. 30, 303e311. http://dx.doi.org/10.1016/
j.cageo.2003.11.004.
Bonan, G.B., 2008. Forests and climate change: forcings, feedbacks,
and the climate benefits of forests. Science 320, 1444e1449.
http://dx.doi.org/10.1126/science.1155121.
Ceulemans, R., Mousseau, M., 1994. Effects of elevated atmospheric
CO2 on woody plants. New Phytol. 127, 425e446. http://
dx.doi.org/10.1111/j.1469-8137.1994.tb03961.x.
Cook, E.R., 1985. A Time Series Analysis Approach to Tree-ring
Standardization. Ph.D. Dissertation. The University of Arizona
Press, Tucson.
Cook, E.R., Kairiukstis, A., 1990. Methods of Dendrochronology:
Applications in the Environmental Sciences. Kluwer Academic
Press, Dordrecht.
Craig, H., 1954. Carbon-13 in plants and the relationship between
carbon-13 and carbon-14 variations in nature. J. Geol. 62, 115e149.
D’Arrigo, R.D., Jacoby, G.C., 1993. Secular trends in high northern
latitude temperature reconstructions based on tree-rings. Clim.
Change 25, 163e177. http://dx.doi.org/10.1007/BF01661204.
D’Arrigo, R., Wilson, R., Liepert, B., Cherubini, P., 2008. On the
‘Divergence Problem’ in Northern Forests: a review of the tree-
ring evidence and possible causes. Global Planet. Change 60,
289e305. http://dx.doi.org/10.1016/j.gloplacha.2007.03.004.
Dulamsuren, C., Hauck, M., Khishigjargal, M., Leuschner, H.H.,
Leuschner, C., 2010. Diverging climate trends in Mongolian taiga
forests influence growth and regeneration of Larix siberica.
Oecologia 163, 1091e1102. http://dx.doi.org/10.1007/s00442-
010-1689-y.
Ehleringer, J.R., Cerling, T.E., 1995. Atmospheric CO2 and the ratio
of intercellular to ambient CO2 concentrations in plants. Tree
Physiol. 15, 105e111.
Farquhar, G.D., Richards, R.A., 1984. Isotope composition of plant
carbon correlates with water-use efficiency of wheat genotypes.
Aust. J. Plant Physiol. 11, 539e552.
Farquhar, G.D., Oleary, M.H., Berry, J.A., 1982. On the relationship
between carbon isotope discrimination and the inter-cellular
carbon-dioxide concentration in leaves. Aust. J. Plant Physiol.
9, 121e137.
Farquhar, G.D., Ehleringer, J.R., Hubick, K.T., 1989. Carbon isotope
discrimination and photosynthesis. Annu. Rev. Plant Physiol.
Plant Mol. Biol. 40, 503e537. http://dx.doi.org/10.1146/
annurev.arplant.40.1.503.
Field, C.B., Jackson, R.B., Mooney, H.A., 1995. Stomatal responses
to increased CO2 e implications from the plant to the global-
scale. Plant Cell Environ. 18, 1214e1225. http://dx.doi.org/
10.1111/j.1365-3040.1995.tb00630.x.
194 S. Tei et al. / Polar Science 8 (2014) 183e195Food and Agriculture Organization, 2001. Global Forest Resources
Assessment 2000. Main report. FAO, Rome. Forestry Paper No. 124.
Gagen, M., Finsinger, W., Wagner-Cremer, W., 2011. Evidence of
changing intrinsic water-use efficiency under rising atmospheric
CO2 concentrations in Boreal Fennoscandia from subfossil leaves
and tree ring d13C ratios. Global Change Biol. 17, 1064e1072.
http://dx.doi.org/10.1111/j.1365-2486.2010.02273.x.
Holmes, R.L., 1983. Computer-assisted quality control in tree-ring
dating and measurement. Tree-Ring Bull. 43, 69e78.
IPCC, 2007. Climate Change 2007: The Physical Science Basis. In:
Contribution of Working Group 1 to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, UK and New York, NY, USA, 996.
Iwasaki, H., Saito, H., Kuwao, K., Maximov, T.C., Hasegawa, S.,
2010. Forest decline caused by high soil water conditions in a
permafrost region. Hydrol. Earth Syst. Sci. 14, 301e307.
Kagawa, A., Naito, D., Sugimoto, A., Maximov, T.C., 2003. Effects
of spatial and temporal variability in soil moisture on widths and
d13C values of eastern Siberian tree rings. J. Geophys. Res. 108,
4500. http://dx.doi.org/10.1029/2002JD003019.
Kasischke, E.S., 2000. Boreal ecosystems in the global carbon cycle.
In: Kasisschke, E.S., Stocks, E.S. (Eds.), Fire, Climate Change
and Carbon Cycling in the Boreal Forest. Springer, New York,
pp. 19e30.
Keeling, C.D., Whorf, T.P., Wahlen, M., Vanderplicht, J., 1995.
Interannual extremes in the rate of rise of atmospheric carbon-
dioxide since 1980. Nature 375, 666e670. http://dx.doi.org/
10.1038/375666a0.
Kirdyanov, A.V., Treydte, K.S., Nikolaev, A., Helle, G.,
Schleser, G.H., 2008. Climate signals in tree-ring width, density
and d13C from larches in Eastern Siberia (Russia). Chem. Geol.
252, 31e41. http://dx.doi.org/10.1016/j.chemgeo.2008.01.023.
Klein, T., Hemming, D., Lin, T., Gru¨nzweig, J., Maseyk, K.,
Rotenberg, E., Yakir, D., 2005. Association between tree-ring and
needle d13C and leaf gas exchange in Pinus halepensis under
semi-arid conditions. Oecologia 144, 45e54. http://dx.doi.org/
10.1007/s00442-005-0002-y.
Ko¨hler, I.H., Poulton, P.R., Auerswald, K., Schnyder, H., 2010.
Intrinsic water-use efficiency of temperature semi natural grass-
land has increased since 1857: an analysis of carbon isotope
discrimination of herbage from the Park Grass Experiment.
Global Change Biol. 16, 1531e1541. http://dx.doi.org/10.1111/
j.1365-2486.2009.02067.x.
Kotani, A., Ohta, T., Kononov, A.V., Maximov, T.C., 2012. Seasonal
variation of linkage net ecosystem exchange of H2O and CO2
over boreal forest at eastern Siberia. In: Proceedings of 1st In-
ternational Conference on “Global Warming and the Human-
nature Dimension in Siberia: Social Adaptation to the Changes
of the Terrestrial Ecosystem, with an Emphasis on Water Envi-
ronments”, 7e9 March 2012. Research Institute for Humanity
and Nature, Kyoto, Japan, pp. 12e14.
Linares, J.C., Camarero, J.J., 2012. From pattern to process: linking
intrinsic water-use efficiency to drought-induced forest decline.
Global Change Biol. 18, 1000e1015. http://dx.doi.org/10.1111/
j.1365-2486.2011.02566.x.
Maximov, T., Ohta, T., Dolman, A.J., 2008. Water and energy
exchange in East Siberian forest: a synthesis. Agr. For.
Meteorol. 148, 2013e2018. http://dx.doi.org/10.1016/
j.agrformet.2008.10.004.
McCarroll, D., Loader, N.J., 2004. Stable isotopes in tree rings.
Quat. Sci. Rev. 23, 771e801. http://dx.doi.org/10.1016/
j.quascirev.2003.06.017.McCarroll, D., Gagen, M.H., Loader, N.J., Robertson, I.,
Anchukaitis, K.J., Los, S., Young, G.H.F., Jalkanen, R.,
Kirchhefer, A., Waterhouse, J.S., 2009. Correction of tree ring
stable carbon isotope chronologies for changes in the carbon
dioxide content of the atmosphere. Geochim. Cosmochim. Acta
73, 1539e1547. http://dx.doi.org/10.1016/j.gca.2008.11.041.
McDowell, N.G., Phillips, N., Lunch, C., Bond, B.J., Ryan, M.G.,
2002. An investigation of hydraulic limitation and compensation
in large, old Douglas-fir trees. Tree Physiol. 22, 763e774.
McDowell, N.G., Adams, H.D., Bailey, J.D., Hess, M., Kolb, T.,
2006. Homeostatic maintenance of ponderosa pine gas exchange
in response to stand density changes. Ecol. Appl. 16, 1164e1182.
http://dx.doi.org/10.1890/1051-0761(2006)016[1164:HMOPPG]
2.0.CO;2.
Mitchell, T., Jones, P., 2005. An improved method of constructing a
database of monthly climate observations and associated high-
resolution grids. Int. J. Climatol. 25, 693e712. http://
dx.doi.org/10.1002/joc.1181.
Nikolaev, A.N., Fedorov, P.P., Desyatkin, A.R., 2009. Influence of
climate and soil hydrothermal regime on radial growth of Larix
cajanderi and Pinus sylvestris in Central Yakutia. Russia Scand.
J. For. Res. 24, 217e226. http://dx.doi.org/10.1080/
02827580902971181.
Nock, C.A., Baker, P.J., Wanek, W., Leis, A., Grabner, M.,
Bunyavejchewin, S., Hietz, P., 2011. Long-term increases in
intrinsic water-use efficiency do not lead to increased stem
growth in a tropical monsoon forest in western Thailand. Global
Change Biol. 17, 1049e1063. http://dx.doi.org/10.1111/j.1365-
2486.2010.02222.x.
Picon, C., Ferhi, A., Guehl, J.M., 1997. Concentration and d13C of
leaf carbohydrates in relation to gas exchange in Quercus robur
under elevated CO2 and drought. J. Exp. Bot. 48, 1547e1556.
http://dx.doi.org/10.1093/jxb/48.8.1547.
Ponton, S., Dupouey, J.L., Breda, N., Feuillat, F., Bodenes, C.,
Dreyer, E., 2001. Carbon isotope discrimination and wood
anatomy variations in mixed stands of Quercus robur and
Quercus petraea. Plant Cell Environ. 24, 861e868. http://
dx.doi.org/10.1046/j.0016-8025.2001.00733.x.
Sarris, D., Christodoukalis, D., Ko¨rner, C., 2007. Recent decline in
precipitation and tree growth in the eastern Mediterranean.
Global Change Biol. 13. http://dx.doi.org/10.1111/j.1365-
2486.2007.01348.x.
Saurer, M., Siegwolf, R.T.W., Schweingruber, F.H., 2004. Carbon
isotope discrimination indicates improving water-use efficiency
of trees in northern Eurasia over the last 100 years. Global
Change Biol. 10, 2109e2120. http://dx.doi.org/10.1111/j.1365-
2486.2004.00869.x.
Sidorova, O.V., Siegwolf, R.T.W., Saurer, M., Naurzbaev, M.M.,
Vaganov, E.A., 2008. Isotopic composition (d13C, d18O) in wood
and cellulose of Siberian larch trees for early Medieval and recent
periods. J. Geophys. Res. 113, G02019. http://dx.doi.org/
10.1029/2007JG000473.
Sidorova, O.V., Siegwolf, R.T.W., Saurer, M., Shashkin, A.V.,
Knorre, A.A., Prokushkin, A.S., Vaganov, E.A., Kirdyanov, A.V.,
2009. Do centennial tree-ring and stable isotope trends of Larix
gmelinii (Rupr.) Rupr. indicate increasing water shortage in the
Siberian north? Oecologia 161, 825e835 http://dx.doi.org/
10.1007/s00442-009-1411-0.
Silva, L.C.R., Anand, M., Oliveira, J.M., Pillar, V.D., 2009. Past
century changes in Araucaria angustifolia (Bertol.) Kuntze water
use efficiency and growth in forest and grassland ecosystems of
southern Brazil: implications for forest expansion. Global
195S. Tei et al. / Polar Science 8 (2014) 183e195Change Biol. 15, 2387e2396. http://dx.doi.org/10.1111/j.1365-
2486.2009.01859.x.
Sugimoto, A., Yanagisawa, N., Naito, D., Fujita, N., Maximov, T.C.,
2002. Importance of permafrost as a source of water for plants in
east Siberian taiga. Ecol. Res. 17, 493e503. http://dx.doi.org/
10.1046/j.1440-1703.2002.00506.x.
Tei, S., Sugimoto, A., Yonenobu, H., Hoshino, Y., Maximov, T.C.,
2013a. Reconstruction of summer Palmer Drought Severity Index
from d13C of larch tree rings in East Siberia. Quat. Int. 290e291,
275e281. http://dx.doi.org/10.1016/j.quaint.2012.06.040.
Tei, S., Sugimoto, A., Yonenobu, H., Yamazaki, T., Maximov, T.C.,
2013b. Reconstruction of soil moisture for the past 100 years in
eastern Siberia by using d13C of larch tree rings. J. Geophys. Res.
118, 1256e1265. http://dx.doi.org/10.1002/jgrg.20110.
van Mantgem, P.J., Stephenson, N.L., Byrne, J.C., Daniels, L.D.,
Franklin, J.F., Fule, P.Z., Harmon, M.E., Larson, A.J.,
Smith, J.M., Taylor, A.H., Veblen, T.T., 2009. Widespread
increase of tree mortality rates in the western United States.
Science 323, 521e524. http://dx.doi.org/10.1126/
science.1165000.Wigley, T.M.L., Briffa, K.R., Jones, P.D., 1984. On the average value
of correlated time-series, with applications in dendroclimatology
and hydrometeorology. J. Clim. Appl. Meteorol. 23, 201e213.
http://dx.doi.org/10.1175/1520-0450(1984)023<0201:
OTAVOC>2.0.CO;2.
Wilmking, M., Juday, G.P., Barber, V.A., Zald, H.J., 2004. Recent
climate warming forces contrasting growth response of white
spruce at treeline in Alaska through temperature thresholds.
Global Clim. Biol. 10, 1724e1736. http://dx.doi.org/10.1111/
j.1365-2486.2004.00826.x.
Wilson, R., D’Arrigo, R., Buckley, B., Buntgen, U., Esper, J.,
Frank, D., Luckman, B., Payette, S., Vose, R., Youngblut, D.,
2007. A matter of divergence: tracking recent warming at
hemispheric scales using tree ring data. J. Geophys. Res. 112.
http://dx.doi.org/10.1029/2006JD008318.
Yabuki, H., Park, H., Kawamoto, H., Suzuki, R., Razuvaev, V.N.,
Bulygina, O.N., Ohata, T., 2011. Baseline Meteorological Data in
Siberia (BMDS) Version 5.0. RIGC, JAMSTEC, Yokosuka, Japan
distributed by CrDAP, Digital media.
